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E VALUAT I ON

5 - I This Final Report under Contract F19628-78-C—0057 describes the

results of experimental measurements undertaken to verif y corresponding

results previously obtained theoretically and numerically under another

contract (F19628-76-C-0086) whose objective was to determine the ef-

fectiveness of relatively small horizonta l ground wire systems in

improving the low angle radiation!reception for vertically polarized

HF antenna systems. The work is directly app licable to the cost—

effective des i gn of ground systems for long-range 0TH coimiun i cations

and surveillance rada r antennas. Full scale models over real earths

were investi gated in these measurements. Good qualitative agreement

between theory and experiment was obta i ned . The large uncertainty

in the electrica l properties of the earth near the antenna apparently

precluded more quantitati ve l y precise agreement.

Antenna performance proved also to be markedly dependent on the

lengths and spacings of the ground wires , as we l l  as their position

with respect to earth. For any g i ven ground system it was established

that the phase constant of the wire currents can vary from wi re to wire .

Variations typ ically experienced in the electrica l parameters of

the earth over the entire extent of the ground system are shown to be

responsible for correspondingly significant variations in the distri-

bution of current along the ground wires . This suggests that measured

rather than cal culated current distributions on the ground wires would

of ten be required in practice for reliable determinations of field

patterns .

CHARLES J~’ DRANE 
Acoesoion pio,

Project Eng I nee r lIflS G’I~A~~D~ C TAB
Ounc ed

Justification____________
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I. Introduction

• The HF portion of the electromagnetic spectrum continues to be of importance

for long distance military comeunication and surveillance. The ionospheric

reflections at these frequencies, while occasionally troublesome, make long—range

coewnunication cost and energy effective. To make best use of the ionospheric

interactions , radiation should be vertically polarized with strong fields near

the horizon. The incorporation of extens i ve ground systems for the antennas

offers some hope of increasing the field strength at low angles by filling in

the null in that direction caused by imperfect conductivity of the earth.

This study and a previous one have sought to eval uate the potential gains to

be accrued by the i ncorporation of relatively small horizontal ground wire

systems in verticall y polarized HF antenna installations.

Under a previous contract (F l9628—76-C—0086), the subject was studied

theoretically, primarily through the development and application of an extensi ve

computer program. The present contract primarily supported a program of experi-

mental measurements to verify that the computer generated results were applicable

to real systems and the actua l earth.

Most of the measurements were those of the current distribution on ground

wires installed In a sod field near the Purdue Airp ort in West Lafayette, Indiana ,

at two frequencies: 13.56 14Hz and 27.lZ MHz. Equipment was housed in a trailer

parked near the site .

1

I

I. 
— — =: -; ~

‘ 
~~~~~~~~~~~~~~~ ‘~~~~~

- -

_ _ _ _ _  — -a-- ~~~~~~~~~~~~~ _~ S-s----—- ~~~~~~~~~~~~~~~~~~~ - 
•-



— - — UIU1W~~ l ~1Miti-Ll~~~~~U i i ~~á- — — —-— ——--- —

2

2. Measurement of Earth Parameters

In order to compare the theoretical results with experimental data for

the current distributions on ground wires in an actual field in Indiana , it is

necessary to have earth parameter values representative of the specific site .

In comon with previous workers we have found the determination of such values

to be a very difficult and frustrating task. Each measurement depends upon a

number of uncertain conditions and variables.

Based on a rev iew of the possible methods for the measurement of the earth

parameters, and prior experience with some of them , the “wave tilt ” method of

measurement of earth parameters was selected . it has been shown that the elec-

tric field set up by a vertica l antenna over an actua l earth has a radial com-

ponent E~ as well as a vertica l component, Ez; the ratio of these two components

is E /E (E/E 0)
l
~
’2
, where is the complex relative dielectric constant of

the earth : c/c
0 

cr 
— j  o/wc . It follows that if the ratio of the field com-

ponents is measured in amplitude and phase, the earth parameters may be obta i ned

as follows:

E
Let

where A is the measured relative amplitude and e is the measured relative phase.

Then A &V’~ 
- j o-/wc V~~ V 1 + ~ 

a )2/! tan~ ( -  ~ 
)

r o r 
~~r

Co / 2 ~~r
Eo

aThus —tan 2 0
r

A

+ ( )
~~

‘
(JIC C

The actua l measurement of the relative amplitude and phase was done with

equipment as follows: A metal box about 25 x 50 x 20 cms was constructed to ‘

support receiving antennas consisting of a vertica l and a horizontal brass rod

in insulating supports. One support held the horizontal rod about 7 cms above

I
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the ground . Each rod was approximatel y I meter long . One end of each rod was

fed through identical fittings Into identica l 1001(12 resistors to the box ground,

so that a good approx imation to the open circuit voltage induced on each rod

could be measured across the 1001(12 resistors. These two si gnals were led through

identica l coaxial fittings , then through identica l 8 meter long RG 58/U cables

terminated in 50 ohms attached to special tee fittings. These fittings are de-

signed to accept the special probes that lead to the two i ndependent channels

of a Hewlett-Packard 8405A Vector Voltmeter. This vector voltmeter Is a sampling

type of instrument wh i ch ind i cates the absolute amp litudes in each channe l with

signals in the range from about 2O~jV to lv. it also reads the phase of one

channel relative to the other. Thus, leading the signa l from the base of the

vertical rod antenna to, say, channel A , and the si gnal from the base of the

horizontal rod antenna to channel B, the instrument is well suited to read the

amplitude and relative phase of the open circuit voltages from the vertical and

horizonta l antenna . When these receiving antenna rods are properl y oriented with

respect to the transmitting antenna , their open circuit voltages are proportiona l

to the horizonta l radial and vertical electric fields respectively, so that the

measured quantities introduced above, the ratio , A , and the relative phase, 0,

are easil y determined from the meter readings of the vector voltmeter.

A quarter wave vertical transmitting antenna was set up (without horizontal

ground wi res) and energized , and the receiving box placed at various positions

rang i ng from about 8m to about 30m from the transmitter.

While this system seems close to idea l at first thought , there are some

difficulties. These are I) the influence of the experimenter , cables , instru—

rnentation and extraneous objects on the field ratio at the rods, 2) the

variability of the direct or incIdenta l ground connections of the box to the

earth., 3) the different impedance of the two antenna rods because of their dif—

I
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ferent proximity and orientation with respect to ground , 4) the inherent phase

error due to the finite length of the horizontal rod In the propagating field .

An attempt was made to overcome the latter two difficulties by a redes i gn in

wh i ch both antenna rods were held at 45° with respect to ground. This attempt

largel y failed because of the poor ‘conditioning ” of the numbers wh i ch must be

used in calculating the parameters (i.e. , subtraction of two numbers wh i ch are

almost equal).

Moreover , there was some ev i dence that the earth parameters were not uniform

over the site and , furthermore , varied from day to day with the weather. As a

result of all these difficulties , in spite of a large number of trials and

refinements , the error associated with our measurements of earth parameters

appears to be as large as 1O0~. The differences of the parameters at the two fre-

quencies selected (13,5614Hz and 27.1214Hz) were not statist i cally different. We

conclude then that the earth parameters at our experimental site were as f o l l o ws:

C r 
= 8 ± 4

a = 5 ± Zernilli mhos/m.

3. Measurement of Current Distributions

The si gnal at the two desired frequenices (13.56 and 27.1211Hz) was prov i ded

by a Type 101 Genera l F~ddio Standard si gna l generator followed by an ENI broad

band power amplifier; an additional Stan—Corn 100 watt amplifier was also available

when needed. This signal generated in the trailer was fed through 100 feet of

RG 58/U cable to the transmitting antennas . A phase (and amplitude) reference

was provided either by a tee connection at the output of the signal generator

or (later) by a reference loop fixed at the base of the transmitting antenna.

The phase and amp litude of the current in the ground wires was measured by

holding a shielded loop antenna (approximately ~ cm2 area) adjacent to the wire
I

In both horizonta l and vertica l orientation. As measurements progressed, it

I
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became clea r that the horizontal orientation gave results more representative of

the current distr ibut ions , especiall y at positions close to the transmitting

antenna.

Litera ll y hundreds of i ndependent sets of current distribution data were taken,
S

partly because of the different configurations of interest and partly to try to

identify the important factors wh i ch caused repeatable but day to day and spot

to spot variability in the data. Scatter in apparently smooth data was observed

due to ground wire position with respect to ground surface, the type of ground

and ground cover immediate ly under the wire at a g iven position , and the dampness

of the ground. Because of the scatter in the data , we will not attempt to include

all experimenta l data. Rather , we will present typ ical distributions , with an

indication of the variability and spread of the data. Perhaps surprisingly, the

phase data points typicall y show less scatter than the amplitude data points.

A. Measurements at 13.5614Hz

The first measurements of current distribution were made on a system consis-

ting of a sing le quarter wave vertical having a sIng le , long (66 or 75 foot) ground

wire open circuited at the end . The wire was TS #14 gauge insulated wire laid out

and held in position with Insulating stand—offs driven into the ground . Measure-

ments were taken at regular Intervals along the ground wire (usuall y at one foot or

two foot intervals) . As is shown in Fi g. I, the phase data revealed that except

within a half wave l ength or so from the open circuited end , the phase distribu-

tions is that of a traveling wave (i.e., linear phase progression with distance)

with the wavelength along ttce wire less than Xc,a the free space value: 
it (.63

± .03)A0. The ampl i tude was also found to decrease more or less as would be expec-

ted (the ideal h r  variation that would be expected near a sinusoida l vertica l cur-

rent is indicated on the graphs for comparison). Near the open end of the wire

I
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however , the effect of a reflected wave shows I tself i n  the tendency toward a
S

stand i ng wave distr ibution.

a 
The phase data Ind i cated that a quarter wavelength on the ground wire would

be in the range 11-13 feet, so the wire was shortened to stud y the effects when

the ground wire is about a half wavelength hong as well as when it is about a

quarter wavelength long . As shown i n  Figs. 2 & 3, the current distributions

change from a predom i nately trave ling wave distribution to a predom i natel y standing

wave distribution , with the phase more or less constant near the peaks and chang-

ing very rapidly in the vicinity of the nulls.

The next set of measurements was made with a sing le quarter wave vertical

antenna and three ground wires running out the same side of the vertical. The

current distributions were checked both with a strictl y radial confi guration with

approximatel y 45° between the radial wires and with a confi guration in which

after about 5 feet, the outer wires bent i nward so as to run parallel to the

center wire at a separation of 1 meter . Although small differences were noted

between these two configurations , the significance of the differences is in

doubt since the distributions on the two outer wires had as great or greater

differences between themselves . This lack of symmetry in a confi guration which

would be symmetric in an idea l situation was observed repeatedl y; presumably it

was caused by the nonuniform i ty of the earth and of the ground connections at

the site.

While the genera l characteristics of the distributions on the three wires

were the same as on a sing le wire (see Figs. 4 , 5 and 6 ) ,  the details were

somewhat different. When all three wires had a length of approxImately 76 feet,

the wavelength along the center wire was found to be longer than that of the

distribution along a sing le wire : = (.75 ± .035)X0, while the wavelength on

I
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FIG. 6. EXPERIMENT AMPLITUDE AND PHASE OF CURRENT ON THREE 
-

GROUND WIRES, NOMINAL 25 FEET LONG.
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the two outer wires was somewhat (perhaps 5%) less. Again , quarter wavelength

(i.e., Aw/Il) and half wavelength wires exhibited a resonaflt type of distribut ion .

Later , after a long series of measurements at 27.12MHz, current distribution

measurements were made on a configuration of five ground wires which , after a

radial transition reg ion , ran along parallel to one another , with one meter

separation between each wire . Again , the genera l characteristics on this 5—wire

ground system were the same as on the 3—w i re and sing le—wire systems but the

details were diffe rent (Figs . 7, 8 and 9 ). When all wires had a length of

75 feet or longer , the wavelength along the center wire was found to be: 
~cw

= (.86 ± .04)A , wh i ch is significantl y longer than that of the distributions on

the sing le wire and even that of the 3—wire systems. As on the 3—wire system ,

the wavelength on the outer wires of the five wire system was somewhat less

= ( . 7 6  ± .o~)x 0).
B. Measurements at 27.12MHz

Measurements of the current distribution at 27.12MHz 4,ith the identical

vertica l antenna with 3 ground wires was carried out. In these first measure-

ments , the vertica l antenna was therefore a half wavelength long. The i nput

impedance was too high for good operation however, so the antenna was shortened

so that it was approximately a quarter wavelength long at 27.12MHz. The ground

wire current distribution was not significantl y different (except in absolute

amp litude) whether the vertica l antenna was half wavelength or a quarter wave-

l ength long.

For the case when all three wires were long (75 to 100 feet), the distribu—

tions were essentially traveling wave distributions except in the vicinity of the - 

-

open end. The apparent phase constant on the center wire was such as to g ive

an apparent wavelength , 
~~ 

= (.76 ± .06)x , with a slightl y shorter wavelength

on the outer wires , but only about 2 to 3% less at this frequency . The stand i ng

I
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wave characterist ics (sine—l ike amp litude variation with constant phase near

loops) were more prominent (Fig. 10) near the open circuited ends (i.e., more

prominent than at 13.56MHz). The wires were shortened so that they were approx i-

mately one—half wavelength l ong and then one quarter wave l ength long . These

distr ibutions have the features of the sinusoidal , resonant type distributions

having a wavelength consistent with that ind i cated by the traveling wave phase

data (Fig. 11).

When the number of ground wires was increased to five , with one meter sepa-

ration between each (after a radial transition region near the feed point),

the general features of the measured current distributions were the same. How-

ever , the apparent wavelength along the inside wires was found to be 
~
‘cw

= (.81 ± .o’+) A
0, 

while the wavelength on the outer wires was about 5 to 6 percent

less. Typ ical experimental data Is shown in Figs. 12 through 17. It is clear

that the presence of the neighboring wires influences the propagation on the

center wire .

As was pointed out earlier , the current in the ground wires was measured

with the aid of a shielded loop held adjacent to the wires In a hor i zontal

position at ground level. This orientation was employed in order to n~-

the “contamination ” of the data by the “direct” magnetic field due to i..~e vertical

antenna. Nevertheless , since the actual ground Is imperfect , there is still ,

in general , some “contamination ” of this type. To estimate this contamination ,

the ioop was placed on the ground in two locations where there were no ground

wires at all , that is , where the loop would simp l y ind i cate the vertica l H

field. Fig. 18 shows the relative amplitude and phase of this H field as a

function of distance from the vertical. The power l eve l was the same as that

for the measurements at 27.12MHz on the 7 foot long ground wires and so could

be regarded as a correction that mi ght be applied to the data on current

amplitudes . The source of this field is puzzling ; the Ind i cated vol tages may

I

L. -- —- - - -  -
—-—4---- - --- - -_--_--_ __ _4•_ —~~- ~~ -~---~ ___S___.______ —



n~

__•_ - 4 __ - 4 - 
--- -------,

~

-—- - —- - -

~~~~~~~~~~~~~~~~~~~~~~

--- --- -—--

~~~~~~~~

-- — - — -

~~~~

— -——-——---

~~

--—--- --- - -  —

- I 
C, C,

~ -~ ~ ~: : ~~~~ T T ~
’
~. - --~~ - - _

~~LI: ~~~~~T-
26 ~ f : ~~±~±i~~~ i ~~~~ 2T~~~~~ T :1 TH II.tHIL 11H1

~ 
- _- 4- - -7 - ~~~~~~~~~ - - -_,__-4___ -4 ,--,- --

4 I . 4 - I  - — -~~~~~~~~~~~~~~— - — — —
~ - 4 - —~~~~~~~ -~~~~~ -~~~~~~~~~~~~

-
- ~ 4-

_ _ _ _  __ 4- - —~~~~~~~- —  - ~~~. —- 4~~~~--1 H ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I I  ~~~~ 
I

IH-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~111~

L U  _ ________ - U- I— ~~ 0 ~~ -~--4-,-~- -~--~--4--,-- --4- r--

_ _ _ _  _ _  _ _  _ _

_ _  

HJ 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 1~~1iTI1r: ~~~~~~~

ttiiThiit Ti lT1
___  - I I ID Ui ‘C LU LL~~ . 4- - - I - - - - .—.- - --

_ _ _ _ _ _  ~ 0 ~~~~~_LILLT~~TIIl~~~Il
I -  - < U ) Z 0  -

I I “— ~~~ •—~ I—~ Z —I---~_I- 4_-4—-,_-;- —~-4_-,_ - - - —--------- — ~~~~~~~~~~ -4 -
I 0 U) Z -4~-I-4--4- 4—4_4_4- ~ 1 . - - -~-I--~~~~-~ -~—i-4--4- -.-----.---- ~- -4---i- -~~~,_ _-

- LU LU 4—1_L-4- i—i--H- - - - I 4 
~ 

- 4- 
- 

- ~ i-—4-- — _-4 - -

_ _ _ _ _  

Z LU LLJ~~~J
- LU IL ~~ -4-~--~---l- -1------’---’- - —‘---4- 4-

~~~~ 
-

j - - -  - -,-4- Z0~~~~~O... ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - : ~~~ 0 U) 0 LU ~H—i--~- -4-44 I4--4-4~ ~~~~~~~~~~~ 4-.-~_ -,_,---i-- ~ -.--4- -- - -

- 0.. Z ‘C 0 ~~~ C’J — — — -

i 
_ _ _  ~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LI I I I ~~~~~~~~~~~~~~~~~~~~ 
_ _  _ _  _ _

I I  
<~~~~~~~<~~~~~~~° ~- 4 4 i 1

I I -l Z f’4 X Cl) -.--,--4- 4 4 —÷--,--- - -~~--~- --i- ~~~~~ ~~~~ —a---- — -

r H F  ~~~~~~~~~~~~~~~~~~~~ _ _  _ _  _ _  _ _

Ui cm ~~~ 0 ~~~ -~~~~I 
~~ ‘C<~~~~~— Z  4~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 

~~ 
_ _  _ ___________ 

-~~ 
- H I ~~~~~~ ~~~~~~ :~:2~4~ L 

____

I CD 
~
- -r - -  -

~~~~ -r ~ — ____ - 
u. -

_ _ _ _ _ _ _  ~~ 
I - ~ -~--~~~~~-

I Il~T trIl 114 ~~~~ I~1TTH 11~~- 
~~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 i 1  - 14- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -~~~-- --~~— 4 —  44 -  ~~~ ~~~~~~~~-- - L I
-H— --- - H--I - 1 - -  -f--H--- -~~

-
~
--

~
-- -  4-~~ ~~—~-~~-- -  4---H4--’---4 r -4--4- -4-4--~~~ -

...H.. ~tt 
f— - 

tLTI H—- TII~~~ 
4- 1~~r 

___

L~ J r TIT
- 

?~~~ ~~~ 

r 
~

— 

~~~~~~~~~~~~~~~~~~ 
-

_ _ _ _ _

_

_  

‘
~~~

L _ _ _ _ _ _ _ _ _ _  ~~~—=- - ~~~~~~~~~~~~~~-~~-i’~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~~~



27

have resulted from stray p ickup of other field components.

The measurements at both frequencies were repeated with vertica l antennas

arranged In a two element array , spaced a quarter wavelength and fed 90° out of

phase so as to give a cardloid pattern in the direction of the ground wires.

The absolute amp litude was of course different , but the distributions on the

g round wires were not significantly different. A system of three ground wires

was used between the bases of the two vertical antennas. A stand i ng wave cur-

rent distribution was observed in these ground wires , with a wavelength shorter

than the free space wavelength.

As a fina l coment, the phase ang le of the currents measured often has

no absolute si gnificance , since the value is relative to whatever phase. refer-

ence is be i ng emp l oyed. For the earlier measurements , the phase reference

signa l was taken at the transmitter. For the later measurements, the phase

was relative to the si gnal m a  shielded loop attached to the base of the

vertical antennas. Also , although an attempt was made to ho’d it constant, the

power output was not constant from day to day, so the amplitude read i ngs should

be regarded as only relative values .

1$• Measurement of Impedance , Field Strength and Other Characteristics

except for the case of the A/2 monopole at 27.12MHz, the VSWR at the trans-

mitter output , which was monitored continuously along with the power level , was

never greater than 1.6 and with the ground wires connected, it was generally

below 3.3. With no ground wires connected, so that the quarter wave vertica l

I
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was fed against the two ground stakes, the input impedance was about 63 ohms

with a small positive reactance. With either the l ong ground wires , or the

Al’. ground wires, the i nput impedance was approximately 1+8 ohms with a small

positive reactance. With the ground wires approximately half wave resonant,

the impedance increased to about 53 + j2O. The data for the i nput impedance of

the array was not consistent, presumably because the transmission lines were not

matched and were imperfect.

Because of limitations of time and weather conditions , It was not possible

to obtain vertical plane radiation patterns of the antenna structures with and

withou t ground wires. Instead , to verify the effect of the ground wires on

the vertical plane field strength , we i nvestigated the change in field strength

between an antenna with no ground wires and the same antenna with several ground

wires. Because the terrain was not flat , since in fact It sloped upward sli ghtly

In the direction of the ground wires , attention was concentrated at one low ang le ,

approximately 84°. Necessarily, some time elapsed between the measurement with

ground wires and that with no ground wires and the conditions of the experiment

were not completely under our control. The field strength with the ground wires

present as compared to the antennas with no ground wire was between 1.5 and 2 db

hi gher. If we adopt an average increase of 1.75 db , this imp lies a power increase

of about ~~~ About half of this power increase would be due to increased radiation

efficiency and better impedance match; the remainder of the power increase is

presumably due to ground screen radiation . If the ground wires increase the power

at low angles by a factor of about 1.25, this implies a field strength increase

of about 12%. The evidence is then, that the ground wires increased the field

strength between about 8 and 15 percent, at 13.5611Hz.

Other observations are also of interest . With three ground wires of quarter

wave resonant length , it was found that the sum of the three ground wire currents

I
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was approximately equal to half of the current at the base of the antenna . h-~~—

ever, when those ground wires were half wave resonant length , the sum of the three

currents totalled less than one quarter of the current at the antenna base. This

suggests that the ground wires of half wave length are presenting a hi gh i nput

impedance at the base and more of the current is flowing into the ground. However,

at the loop of the current on the ground wire , the currents were nearly as large

as the i nput currents in the other cases.

Another question of interest is the division of currents between the ground

stakes and ground wires , As might be expected , the current division depends upon

the number of ground wires (as well as their length as mentioned above), Wi th

a sing le l ong ground wire , about one sixth of the tota l ground current seemed

to be flowing in the antenna wire, Initiall y, there was a substantial ground

current flowing on the outside of the coaxial feeder from the transmitter. This

current was reduced by coiling the cable so as to present a high blocking reactance

to currents on the outside of the coaxial feeder. With three long wires , approx i-

matel y a third of the ground current seemed to be going into the ground wires ,

while with five long wires , about half or sli ghtly more of the ground current

seemed to flow in the ground wires . An attempt was made to measure the current

flow into the ground stakes. Because of the complicated nature of the metal

supports , this was diff icult , indications were however, that less than half of

the total ground current ever passed into the ground stakes. Thus, with small

numbers of horizontal wires , some of the current must have been flowing in

incidenta l stray circuits .
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5. Results of Computer Calculations

The best, most sensitive check for agreement between calculated and measured

values of the current distribution are those data for long ground wires. For 
-

the generation of any numerical results from the large computer program WF—LLL2BP , 
4

of course the electrica l parameters of the earth must be i nput. And each time

these parameters are changed , another complete cal culation must be done (unlike

chang i ng wire lengths , for examp l e) ,  and this is t ime consuming. Moreover, it

is known that the propagation characteristics of waves on insulated wires varies

significantl y with small changes in hei ght above ground; yet the program does

not converge satisfactorily if the wire is too close to the ground , All of these

factors together suggest that it is not feasible to make a large number of

these parameter changes in order to find the best agreement between calculated

and experimental results.

Obviousl y, the first calculations that were carried out were done with our

best estimates of the electrica l parameters of the earth with essentially the

smallest practical distance above the earth. Those results are shown in Figs. 19

g 20. The agreement between the cal culated and the experimental results were

at best onl y qualitative. The wavelength along the wire is much shorter than the

experimental data indicate. Since It was known that in practice the results are

sensitive to the small distance of the wire above ground, this distance was

increased in steps. if anyth i ng, the agreement was less satisfactory and the

trends showed that the really rapid variation in the propagation constants would

show up at distances closer to the earth than the distance used in the first

calculat ion.

Next, the value of the dielectric constant Input to the program was decreased

to the lower extreme of the experimental uncertainty, namely Cr — 4. The results

of these calculations , for a single 66—foot ground wire operated at 13.56 MHz is

I ,
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shown In Fi g. 21. These calculated results should be compared to the experimenta l

data in Fig , 1. The agreement In the phase data (effective phase constant for

example) is very close. The amplitude data does not agree as well , but the

trends are certainl y the 5ame, The discrepancies ind i cate that the va l ue of

conductivity i nput to the program should have been changed so as to give somewhat

more attenuation , since the standing wave pattern near the end of the wire Is

more pronounced in the calculated data than In the experimental data.

For completeness , the calculations were also carried out with these parameters

for a 12—foot, a 21.—foot and a 30—foot ground wire. The results are shown in

Figs. 22 and 23. These data should be compared to the experimental data given

In Fi gs. 2 and 3. SuperposItion of the graph i cal results shows a rema rkably

close agreement in the phase data. The ampl i tude trends are also confirmed with

the major discrepancy appearing to be a difference attributable to the nominal

ground wire lengths used in the experimental data. Since the experimental

curves represent many i ndependent trials , it is entirely possible that the nom i na l

lengths given could be a foot or so different from the values shown.

The conclusion seems inescapable. The computer prog ram does Indeed predict

values that can be measured on actual ground systems. And since the current

distributions agree, the radiation pattern ca l culations , which are stra i ghtforward

given the current distributions , are also what would be expected in an actual

installation. However, for design based on the calculations , the values of the

earth parameters must be known, and more precisely than Is usual In view of the

difficulty of obtaining representative values in practice.
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6. Suninary and Conclus i ons

The theoretical results obta i ned in a previous contract concerning the

current distributions and field effects of horizonta l ground wires on HF antenna

radiation were found to be,at least qualitative ly, in agreement with experimental

results obta i ned in an actual antenna installation. Since the measurements of

the electrical parameters of the earth at the antenna site were subject to a

large uncertainty , we cannot claim quantitative agreement. While the computer

generated results for the phase constant of the currents on the ground wires

agree fairly well with Colemans formula , the measured values of phase constant

in our Installation appear to be considerably hi gher than would be calculated

using our best estimates of the electrical parameters of the earth in Colemans

formula; however, the extreme va l ues show satisfactory (remarkable phase) agreement.

The experimental results show an effect whi ch apparently has not been

reported previously In the literature. Namely, in a group of parallel ground

wires , the phase constant of the currents Is not the same in all wires. The

center wires of a group have a hi gher phase constant (more like free space)

than do the outer wires , and all wires have a higher phase constant than does

a sing le isolated ground wire on the same ground.

Local and temporary variations in the type of earth cause noticeable

variations in the ampl i tude and phase of the currents in the ground wires.

The position of the wire with respect to the ground also has a marked Influence.

Relatively small ground wire systems can enhance the field strength of

vertica l antennas in directions close to the horizon but the effect Is not major.

To capitalize on this effect, a great deal of Information concerning the

detailed electrical parameters of the ground all over the transmitting antenna

site must be available — much more, i n  fact, than is normally obtained in

practice. Alternatively the current distributions on the ground wi res would

have to be measured.
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Cons i derable control over the phase constant of the currents in ground

wires can be exercised by controlling the spacing of the wires both with respect

to the ground and with respect to each other.
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